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We used two virtual screening programs, ICM and GOLD, to dock nearly 50,000
compounds into each of two conformations of the target protein ricin A chain (RTA). A
limited control set suggests that candidates scored highly by two programs may have
a higher probability of being ligands than those in a list from a single program. Based on
the virtual screens, we purchased 306 compounds that were subjected to a kinetic assay.
Six compounds were found to give modest, but significant, inhibition of RTA. They also
tended to inhibit Shiga toxin A chain, with roughly the same ICso. The compounds
generally represent novel chemical platforms that do not resemble RTA substrates, as
currently known inhibitors do. These six were also tested in a cell-based assay for their
ability to protect cells from intact ricin. Two compounds were effective in this regard,
showing modest to strong ricin inhibition, but also showing some cytotoxicity. RTA, with
its large, polar active site is a difficult drug design target which is expected to bind small
molecules only weakly. The ability of the method to find these novel platforms is
encouraging and suggests virtual screening can contribute to the search for ricin and Shiga
toxin inhibitors.

© 2010 Published by Elsevier Ltd.

1. Introduction

ingested, but can be quite potent when dispersed as an
aerosol; the LD5g for humans by injection or aerosol is

Ricin is the archetypal example of the highly cytotoxic
family of ribosome-inhibiting proteins, or RIPs (Olsnes and
Pihl, 1982; Lord et al., 1994; Robertus and Monzingo, 1996).
It is a class II RIP; that is, it has an A chain and a B chain.
Class I RIPs have only the A chain. The A chain, called RTA
for ricin, is an N-glycosidase that specifically depurinates
a key adenosine in a conserved stem-loop structure, called
the sarcin/ricin loop, within the 28S rRNA (Endo and
Tsurugi, 1987). This depurination inactivates protein
synthesis and leads to cell death. The B chain, RTB, is
a lectin that binds to cell surface galactosides and facilitates
toxin uptake. Ricin has an intravenous LDsq of about 3 pg/
Kg for mice (Fodstad et al., 1976). It is less toxic when
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estimated to be 3-5 pg/Kg with a minimal adult lethal dose
of 500 pg (Franz and Jaax, 1997). Ricin is not infectious and
therefore is classed by the CDC as a Class B biohazard.
Because of its toxicity and ease of preparation, ricin has
been used by terrorist groups (Loyd and Fletcher, 2001).
The X-ray structure of ricin has been determined
(Montfort et al., 1987; Rutenber et al., 1991). Complexes
with substrate analogs like FMP (Monzingo and Robertus,
1992) permitted an understanding of substrate binding
and recognition. This information, together with site
directed mutagenesis of key active site residues (Frankel
et al., 1990; Ready et al., 1991; Kim and Robertus, 1992)
allowed a plausible mechanism of action to be proposed for
the N-glycosidase family. This included the notion that
cleavage of the key adenine base from the ribose involved
stabilization of an oxocarbenium ion on the sugar by Glu
177, and partial protonation of the leaving adenine by Arg
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180. The mechanism has subsequently been refined using
kinetic isotope data to show that it proceeds as a two-step
SN1 reaction. The Schramm group showed that the adenine
leaves, creating cation character on the ribose, and this is
followed by an attack on the sugar by water (Chen et al.,
2000). Although ricin is the most famous RIP, there are
other important members of this large family of enzymes;
the structural relationships within the family have been
reviewed recently (Robertus and Monzingo, 2004). The
amino acid sequence of ricin A chain is about 38% identical
to that of the plant RIP called abrin, and about 20% identical
to that of the bacterial Shiga toxin. One of the most
important is the Shiga toxin (Stx) family, which includes
the Shiga-like toxins found in pathogenic strains of
Escherichia coli (O’'Brien and Holmes, 1987). These toxins
are class II RIPs; but in place of a single B chain as in the
plant-derived toxins, they have a pentamer of cell surface-
binding proteins. The A chain of the toxin is activated by
cleavage into the A1 enzyme (StxA1) and an A2 fragment
that can bind and block the active site until reduction of
a disulfide bond allows it to diffuse away (Olsnes et al.,
1981). It has been shown that the isolated StxA1l chain,
unlike RTA, can attack bacterial ribosomes as well as
eucaryotic ones (Suh et al,, 1998). The X-ray structure of
Shiga toxin has been solved and shows StxA is a structural
homolog of RTA (Fraser et al., 1994).

There is interest among the biodefense and public
health communities in identifying inhibitors of RIP
enzymes to act as antidotes to ricin and Shiga (Stx) intox-
ication. One strategy is to identify ligands that bind strongly
to the A chain and retard the depurination reaction.

Historically, the search for inhibitors of appropriate drug
targets has depended on high throughput (HTP) screening
assays, testing large chemical libraries against the target
protein (Kenny et al.,, 1998; Persidis, 1998; Pereira and
Williams, 2007) We have recently completed the first
stage of a HTP, cell-based, screen for ricin inhibitors
(Wahome et al., 2010).

In addition to physical HTP screening, there have been
recent efforts to reduce the screening burden by using
computer programs to carry out “virtual”, or in silico
screens; the hope is that this might eliminate many
chemical candidates and enrich the percentage of inhibi-
tors in the list of physically screened molecules (Taylor
et al., 2002; Shoichet, 2004; Chen et al., 2006).

The first small molecule inhibitor of RTA was identified
by virtual screening. Pteroic acid (PTA) was predicted to bind
to the RTA specificity pocket; it was shown by X-ray crys-
tallography to bind as predicted, and kinetically shown to
inhibit RTA with an ICsq value of about 600 pM (Yan et al.,
1997). Subsequent work showed that guanine platforms
could also be useful for RTA inhibitor design (Yan et al., 1998;
Miller et al., 2002). Recently, virtual screening identified
dihydroxy-amino-pyrimidine as a useful platform (Bai et al.,
2009). In particular 4-[3-(2-amino-1,4-dihydro-6-hydroxy-
4-ox0-5-pyrimidinyl)propyl]-benzoic acid (PBA) was shown
to have an ICsq value of 270 pM. X-ray analysis revealed that
PBA occupied the adenine-binding pocket of RTA and made
the same kind of specific hydrogen bonds as did the pterin-
and guanine-based inhibitors. However, this new platform
is more soluble and offers some potential advantages in

inhibitor design. In this paper we report the results of a large
virtual screen aimed at identifying additional novel inhib-
itor platforms; 306 high-ranking candidates from a virtual
screen were purchased and tested for RTA inhibition based
on their computer docking.

2. Materials and methods
2.1. Protein expression

Recombinant RTA was expressed and purified as
described previously (Bai et al, 2009). Recombinant
StxA1 was originally engineered as a His tagged protein
(Suh et al, 1998). Poor expressions levels led to
a re-engineering as an intein fusion (Miller et al., 2002).
The gene coding for StxA1l was cloned into a pTYB2
plasmid from the Impact-CN system (New England Biol-
abs, Ipswich, MA), and is referred to as pTYB2SLT.

One colony of BL21AI cells containing the pTYB2SLT
plasmid was added to 50 mL LB media containing 0.1 mg/L
ampicillin. The culture was grown at 37 °C overnight while
shaking and was added to 500 mL of LB media containing
ampicillin and 0.1%glucose to obtain a starting ODggg of 0.1.
The cells were grown for approximately 1.5 h at 37 °C while
shaking, until the ODggo reached 0.5-1.0. Protein expres-
sion was induced in the cells with the addition of 1 mM
IPTG and 0.2% r-arabinose. The induced culture continued
to grow at 30 °C for 4 h. The cells were harvested by
centrifugation for 20 min at 4 °C in a Beckman JA10 rotor at
3000xg. The cell pellets were resuspended in column
buffer (20 mM Tris-HCl, pH 8.0, 0.5 M NacCl, 0.1 mM EDTA)
and lysed using the French Press at 1000 psi three times.
The lysed cells were ultracentrifuged in a Beckman
type60Ti rotor for 1 h at 4 °C at 80,000xg. The supernatant
was filter sterilized with a 0.22 pm syringe filter before
being applied to the chitin column for purification.

StxA1 protein was purified on a 20 mL column bed volume
of chitin beads (New England Biolabs, Ipswich, MA). The
column was equilibrated with column buffer, and the
supernatant was applied to the column. The column was
washed with column buffer and cross reacted for at least 20 h
with 39 mM DTT in column buffer. Elution buffer (10 mM
Tris—HCl, pH 7.6, 75 mM NaCl) was added to the column, and
fractions were collected until Bradford Reagent testing no
longer detected the presence of protein. Fractions found to
contain StxA1 protein were pooled and dialyzed in elution
buffer at 4 °C. A typical yield is 5 mg for 1 L of cell culture.

2.2. Translation assay for A chain activity

RTA and StxA1 activity were assessed by monitoring
their ability to inhibit luciferase expression in a reticulocyte
lysate system. The method has been described recently (Bai
et al., 2009). Candidate inhibitors were dissolved in DMSO
to a nominal concentration of 10 mM; these were diluted
100 fold in the translation assay to a nominal concentration
of 100 uM, making the assay solution 1% DMSO. In addition,
the assays contained 1 mg/ml of BSA which retards false
positives arising from small molecule aggregation that can
adsorb and inhibit RTA (Seidler et al., 2003; Feng et al.,
2007).
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2.3. Virtual screens

For this experiment we screened the ChemBridge
Diversity Library. It contained three-dimensional coordi-
nates for 49,797 compounds in a concatenated sdf file
format. The three-dimensional structures and bond
patterns were prepared by the distributor (ChemBridge,
San Diego CA). The ligands all have explicit hydrogen
atoms, required by the search programs. We screened the
library using two commercial programs, ICM (Abagyan
et al, 1994) and GOLD (Jones et al., 1997). ICM uses
a docking algorithm based around a global energy optimi-
zation of the entire ligand described as an internal coor-
dinate system (Abagyan and Totrov, 2001) within the
protein-binding site. GOLD uses a genetic algorithm to
randomly sample conformational space and evolve an
optimum configuration for the ligand.

The target protein, RTA, was screened in two forms,
open and closed. The wild type protein has the adenine-
binding specificity pocket blocked by the side chain of Tyr
80; this is the closed configuration (Mlsna et al., 1993); the
RTA coordinates from this form are from PDB file 1RTC.
Specific ligands, like PTA, guanines, and PBA, will displace
this side chain by rotation and bind in the specificity
pocket, as described previously (Yan et al., 1997; Miller
et al., 2002; Bai et al., 2009). The open configuration used
for this screen PDB file 1BR5, with the neopterin ligand
removed. In addition to the specificity pocket, RTA contains
a second pocket, thought to a bind guanine in natural
substrates (Monzingo and Robertus, 1992). Docking in the
open configuration centered on the specificity pocket
defined by previous X-ray structures, but extended to
include the second pocket. In the closed form, docking
centered on the second pocket but extended to include the
side chain of Tyr 80.

ICM was run using the default thoroughness parameter
of 1. The docking site was identified automatically by ICM'’s
cavity search, but the search box size was manually
adjusted to allow ligands to also be docked into the second
pocket region of RTA. We altered the default ICM score filter
cutoff to allow us to analyze all compounds in the search.
GOLD was run using the default parameter file in auto
select mode, set to 100% thoroughness. Auto mode sets
a minimum of 10,000 starting conformations and
a maximum of 125,000 per compound, but optimizes the
search based on the compound. Our tests showed this
mode was faster than presetting operation numbers, which
wastes search time for ligands with few rotatable bonds.
GOLD was set to stop searching a given ligand if the
top three conformations deviated by less than 1.5 A rms
per atom. The GOLD binding site was identified using
a docked ligand; this was PTA for the open configuration
and 2,5-diamino-4,6-dihydroxypyrimidine for the closed
configuration. Scoring was based on the default GOLD score
algorithm. Both programs were run with RTA as a fixed
target; the computational cost to run flexible docking on
such a large database is prohibitive.

Docking was carried out using parallel processing on the
TI3D computer cluster. The cluster has 16 HP Proliant BL35P
blades, each having two dual core AMD Opteron 2.4 GHz
processors and 8 GB of memory. Docking poses were ranked

by scores, and filtered using preferred chemical criteria; the
common Lipinski rule of 5 (Lipinski et al., 2001) was modi-
fied to include compounds with log P values <4. The docking
poses for top scoring compounds were also examined by
eye, using PyMol (DeLano, 2002), to see if reasonable polar
interactions were made between the candidate and target
protein. Certain chemical families were strongly repre-
sented in the scoring lists, and these were pared so that
a larger number of chemical platforms could be tested. In
this fashion, we selected 306 candidates that strongly tar-
geted either the open or closed form of RTA.

The 306 candidate inhibitors were purchased from
ChemBridge (San Diego, CA). Approximately 1 mg of each
compound was dissolved in 200 pl of DMSO in a 384 well
plate, for a nominal concentration of 10 mM. Subsequently,
discovered hit compounds were reordered as dry powders
from the same source.

2.4. Cell cytotoxicity assay

Briefly, Vero cells (5000 cells/well) grown in Dulbecco’s
minimal essential medium DMEM (+10% fetal bovine
serum (FBS)) were seeded in a 96 well plate and incubated
at 37 °C (5% CO, and ~95% humidity) for ~15 h 1.0 ul of
a serially diluted compound was added to Vero cells in
triplicate while an equal volume of DMSO (100%) was
added to Vero cells in positive and negative control wells.
The plate was incubated (5% CO, and ~95% humidity) at
37°Cfor1h.

7 Wl of ricin (5 ng/ml) were added to the assay and to the
negative control wells while an equal volume of growth
medium was added to the positive control wells. The plate
was incubated at 37 °C for 24 h or 48 h before cell viability
was determined using a luciferase-based cell viability assay
(Celltiter-Glo, Promega, Madison, WI) (Neal et al., 2010) The
plate was incubated at room temperature for ~5 min before
reading luminescence in a SpectraMax L luminometer.

3. Results
3.1. Protein targets

We carried out a virtual screening of nearly 50,000
compounds from the ChemBridge Diversity Library, using
ICM and GOLD. We used both the open and closed active
site forms of RTA as targets. Fig. 1a shows the active site of
RTA in the open conformation; a PTA ligand is bound in the
specificity site of the larger active site (Yan et al., 1997). The
side chain of Tyr 80 closes over this pocket in the empty
enzyme, but is displaced by adenine and related
compounds, as shown. The search box for this form centers
on the specificity pocket but extends toward the large
“second pocket” at the upper right, which we predicted
would bind the guanine of a natural substrate (Monzingo
and Robertus, 1992). Fig. 1b shows the active site region
of RTA in the closed form, with the inhibitor 2,5-diamino-
4,6-dihydroxypyrimidine (DDP) bound. In this case the
ligand pyrimidine ring stacks on the side chain of Tyr 80,
which remains closed over the specificity pocket. The
search pocket for this form uses the region between Tyr 80,
marked by DDP, and the second pocket.
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Fig. 1. Solvent-accessible surface structure of RTA. On the surface, oxygens are red, nitrogens blue, and carbons green. A. RTA in the open form with the inhibitor
PTA (PDB:1BR6) occupying the adenine specificity pocket, and shown as a stick molecule. B. RTA in the closed form with the inhibitor 2,5-diamino-4,6-dihy-
droxypyrimidine (PDB:1IL5) shown in stick bonds. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

3.2. Docking scores

Virtual screening has had some successes (Cournia et al.,
2009), but computer docking has strong limitations, parti-
cularly in ranking compound affinities (Warren et al., 2006).
Fig. 2a shows a correlation between ~ 48,000 docking scores
for two independent screens of the RTA open configuration
using ICM. Each operator has some selection over the
screening site, and each run has a different random starting
seed for each compound. The correlation coefficient for these
two screens is 0.56. We also correlated the docking scores for
ICM and GOLD; strong binding is reflected in large negative
scores for ICM and large positive scores for GOLD. Fig. 2b
shows there is essentially no correlation between the
~48,000 scores which are shown as small black dots; the
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solid line is the best fit to the data but the correlation is near
zero. This suggests the two programs show very little
agreement about the binding affinity of most compounds,
which are in fact not really ligands at all. We also docked
seven known RTA inhibitors for which the X-ray structures in
complex with RTA have been determined; these data are
shown as the large gray circles in Fig. 2b. All of these inhibitors
bind RTA in the open conformation. The broken line is a linear
fit of that data; correlation for docking these known inhibi-
tors is 0.71. This suggests that the two programs do agree
modestly well when scoring compounds that do bind the
target. Furthermore, the strongest binding of these known
inhibitors do occupy the upper left corner of the plot where
stronger binding is indicated. Although there is not a perfect
ranking of predicted scores with observed ICsg values, both
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Fig. 2. Correlation of virtual screening scores against the ChemBridge diversity library. A. Correlation between docking scores for two independent screens using
the program ICM; the correlation coefficient is 0.56. B. Correlation scores between programs ICM and GOLD; the correlation coefficient is 0.05 (Minetti et al.,
2003). The large circles show scores for a positive control of known RTA open form inhibitors.
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programs rank strong ligands like PTA (ICso = 0.6 mM) higher
than weak ones, like 9-deazaguanine (IC50 = 1.4 mM) (Miller
et al,, 2002). In addition to the scoring values, the docking
poses by both ICM and GOLD for these known ligands are
quite accurate when compared with the observed X-ray
structures, as has been described earlier (Bai et al., 2009).

For the open RTA target, ICM ranked the known inhib-
itors higher than GOLD. ICM ranked the known inhibitors
with scores corresponding to the top 3% of the large
ChemBridge screen, whereas the GOLD scores corre-
sponded to the top two thirds. If we confine the scores to
the known inhibitors with IC5g values below 0.6 mM (these
correspond to the top four in Fig. 2b), then the GOLD scores
are in the top half. The ability to accurately predict binding
scores depends on the nature of the target, and no one
program performs best on all target types (Kellenberger
et al., 2004; Perola et al., 2004; Chen et al., 2006; Warren
et al., 2006). It appears that for the open form of RTA,
ICM may outperform GOLD, and we used it in creating our
list of inhibitors to screen. This list was then filtered for
those compounds that also had strong GOLD scores. Scores
for the known RTA inhibitors suggested that candidate
compounds of interest might be those that have both an
ICM score less than —20 and a GOLD score above 30.
Furthermore, our experience with kinetic assays suggests
that compounds with a log P value above 4 are too insol-
uble to test in our kinetic assay, and that those not pre-
dicted to have a strong hydrogen bonding component to
their docking score tend to be poor candidates (Miller et al.,
2002; Bai et al., 2009). Therefore, we also applied these
filters to our list and then visually inspected several
hundred docked candidates to assess the reasonableness of
their predicted chemical interactions. In this manner, we
chose 306 compounds, representing a range of chemical
platforms, to purchase and assay. About 65% of these had
been docked in the open form, and the rest in the closed
form of RTA.

3.3. In vitro kinetic assays

The 306 candidate inhibitors, together with positive
and negative controls, were assayed in an in vitro protein
translation assay. Initially the candidates were present at
a nominal concentration of 100 uM; that is, compound
solutions were diluted into the assay solution making the
latter 1% DMSO. About 13 compounds showed measurable
inhibition of RTA activity. These compounds were then
retested to eliminate false positives. Eight compounds
were then purchased as dry powders, dissolved in DMSO
and used in a dose response assays to determine their ICsq
values. Of these, six gave weak, but measurable, inhibition
values. Fig. 3 shows the dose response curve for
compound CB7543758 (CID 849809). The graph shows an
IC5p value of about 250 uM, but the shape of the curve
shows the compound has limited solubility. The inhibition
at a nominal 500 puM is nearly the same as that at 250 pM,
suggesting the compound has saturated at about 250 pM.
We used an online solubility computation, log S (Tetko
et al, 2005) that predicted the aqueous solubility for
CB7543758 to be about 100 pM, consistent with our
observation. A list of estimated ICsqg values from the dose
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Fig. 3. Dose response inhibition of RTA. The data reflect the inhibition of the
enzyme by increasing concentrations of CB7543758, dissolved in DMSO.

response experiments is shown in Table 1. In general, the
compounds showed weak to modest ICsy values from
about 0.2 to 2.0 mM; these values are similar to those
exhibited by other small molecule inhibitors of RTA (Yan
et al,, 1997; Miller et al., 2002; Mandal et al., 2008; Bai
et al,, 2009).

In addition to measuring the inhibition of RTA, we used
the same dose response methods to measure the inhibition
of the A chain of Shiga toxin 1 (StxA1). Those results are
also summarized in Table 1. In general, RTA inhibitors also
inhibit StxA1, although the IC5g values vary within a small
range, generally with a factor of 2-3 as seem previously
(Miller et al., 2002). Compound CB5225540 was a strong
RTA inhibitor, but failed to inhibit StxA1l.

3.4. Cell-based assays

The compounds which gave reproducible inhibition of
RTA were then measured in a cell-based assay for their
ability to inhibit intact ricin intoxication. These tests also
assess the cytotoxicity of the compounds themselves. Fig. 4
shows the results for the only two compounds, CB5225540
and CB5978818 that showed any ability to protect Vero
cells against ricin intoxication. CB5225540 shows little
cytotoxicity at concentrations below 25 pM and strongly
protected against ricin-induced cell death. Indeed, ricin
was about 90% inhibited at that concentration and the
compound appears to have a 50% effective inhibitory
concentration (ECsg) value around 10 uM in the cell assay.
Unfortunately, CB5225540 becomes strongly cytotoxic at
higher concentrations. Fig. 4b shows the dose response for
CB5978818. It was not cytotoxic at concentrations below
about 60 puM, and offered modest protection against ricin,
inhibiting about one third of the enzyme activity at that
concentration.

4. Discussion
Ricin A chain, RTA, binds to rRNA and hydrolyzes an

adenine base from a conserved stem-loop structure. The
enzyme has a specificity pocket that binds adenine, making
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Table 1
Inhibitors identified from the virtual screen.

Structure CB ID/CID RTA IC50 pM StxA1l ICso uM Ricin inhibition Cytotoxicity ICso tM
NH2
N 5131604
N 1800 >1000 None >300
S _(()f\o )) 785308
HN N
O
Q N i
(0] 5225540
o N’ko 609529 180 None Strong at 25 uM >30
H
@: O@ X
OH 5282931
N Jk/\r 66985 250 >125 None None
H 0
@—@i g
S N
N N \’O‘N ;2;22;8 550 >1000 Modest at 60 uM >60
H HN/
Cl
C
7543758
3 HN
o HN . 849809 250 400 None >125
o Q.
OH
O
“ ‘(O RoZole 500 >1000 None >300
H,N N 933869

an aromatic stacking with active site Tyr side chains and
making hydrogen bonds with specific enzyme groups. We
have previously identified a number of inhibitors that bind
to this site and exploit the adenine specificity groups as
seen crystallographically. These ligands include derivatives
of adenine, guanine, pterin, and dihydroxy-amino-pyrimi-
dine (Monzingo and Robertus, 1992; Yan et al., 1997; Miller
et al,, 2002; Bai et al., 2009). Several of these inhibitors
were initially discovered by computer-based virtual
screening (Yan et al,, 1997; Bai et al,, 2009). However, the
chemical libraries that produced these hits contained
a variety of biological molecules that are aromatic
compounds substituted with polar hydrogen bonding
functionalities that can interact with the RTA specificity
site. These kinds of biological compounds are often difficult
to synthesize and are not common in the large diversity
libraries created by manifold synthesis for high throughput
chemical screens. Even so, we wanted to test if virtual

screening of a diversity library might elucidate novel
chemical platforms, with drug design potential, even if they
did not resemble natural RTA substrates.

Our strategy for the virtual screen against RTA was to
define two binding modes for the protein (Fig. 1). One
emphasized docking into the specificity pocket, which has
evolved to bind adenine. This open conformation has been
seen to accommodate a range of inhibitor platforms, like
pterins, and guanines, that stack between the side chains of
tyrosines 80 and 123, and make specific hydrogen bonds
with groups in the specificity site (Yan et al., 1997; Miller
et al., 2002; Bai et al., 2009). The second, closed, mode
has only been seen to bind one pyrimidine platform (Miller
et al,, 2002) but could bind many candidate compounds
that cannot make the specific hydrogen bonds required for
optimum binding in the specificity pocket.

Our screening strategy also involved using two
programs for docking. This is based on our observation (see
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Fig. 4. Dose response inhibition of ricin in a cell-based assay. The dashed line shows cell viability after ricin intoxication. Open circles show the dose dependent
cytotoxicity of the inhibitor without ricin, and closed circles show the viability of cells challenged with ricin and varying doses of inhibitor.

Fig. 2b) that virtual screening programs show much better
agreement in docking poses and scores for real inhibitors
than for random compounds that are not, in fact, target
ligands. As a general strategy, using only candidates pre-
dicted to bind strongly by two, or more, programs may
enrich the selection pool for true ligands.

We chose high-ranking candidates from both open and
closed conformation screens. Many chemical platforms
exhibited redundancy. For example, a number of
compounds with alkyl amides docked that amide into the
RTA specificity site, making hydrogen bonds to the natural
adenine receptors. We restricted their representation to
three of the top scoring compounds, but rejected dozens to
allow other platforms to be tested. We also observed that
some dockings appeared by eye to be chemically unrea-
sonable; for example some dockings placed a carboxylate
group within the specificity pocket which is known to bind
aromatic groups. After filtering the lists based on solubility,
redundancy, and stereochemical reasonableness, we
purchased 306 compounds dissolved in DMSO and plated
in a 384 well format. These compounds were screened in
a kinetic assay system where we identified seven RTA and/
or StxA1 inhibitors. We feel that the poor solubility of many
candidates prevented them from being detected in the
translation assay and that a robust and sensitive screen
might have shown more ligands.

Of the new inhibitors, only CB5131604 (see Table 1),
resembles an adenine substrate; it probably binds in the
specificity site of RTA. It was a poor inhibitor, however, with
an ICsqg value much higher than known inhibitors from the
adenine, guanine, or pterin groups. Compound CB5225540
resembles the known DDP inhibitor and may bind to the
closed form. Its IC50 of ~200 pM makes it among the
stronger small molecule RTA inhibitors identified to date.
The other five inhibitors cover a range of chemical plat-
forms and bear no resemblance to currently known RTA
inhibitors. Until their X-ray structures are known, we
cannot be sure how they interact with RTA and how they
might be diversified to improve their binding affinity and
specificity.

We tested the new inhibitors of RTA in a cell-based
assay using intact ricin. This assay follows their ability to
protect Vero cells against a ricin challenge. The assay also

assesses the cytotoxicity of the compounds and their ability
to enter cells and function effectively. Two compounds,
CB5225540 and CB5978818, were the only compounds
from the virtual screen that confer ricin resistance to cells,
with CB5225540 essentially eliminating ricin action when
incubated at 25 pM. Both compounds exhibited cytotox-
icity, however, at increasing dosage. In spite of this
problem, both compounds appeared to be useful lead
candidates for further inhibitor development. We assume
the failure of the other RTA inhibitors to protect against
ricin is due to their poor bioavailability. They may be unable
to reach the cytoplasm in sufficient concentration to inhibit
ricin A chain.

Failure to protect cells, or to exhibit some cytotoxicity,
does not preclude further development of chemical plat-
forms as potential inhibitors, although that development
would be more complex. It may be, for example, that
modification of an inhibitor compound would not only
make it bind more strongly to the RTA target, but would
prevent it from deleteriously binding to some other cellular
target and thereby reduce its cytotoxicity. We intend to
explore both CB5225540 and CB5978818 as platforms for
improved anti-ricin compounds. Both are novel platforms
that are chemically unrelated to other known small mole-
cule inhibitors of RTA, and represent successes for the
virtual screening method.

The method of virtual screening has had mixed success
in drug design. It has proved useful in some projects
(Cournia et al., 2009), but controlled experiments have
called the general utility of the method into question (Chen
etal., 2006; Warren et al., 2006). In assessing the success of
this experiment it is important to note that RTA is a very
difficult drug screening or drug design target; the methods
employed here might be even more successful on other
proteins. As seen in Fig. 1, RTA has a very large, open, polar
active site. It is generally considered that proteins with
large polar active sites are difficult targets for drug devel-
opment. Such proteins may depend on numerous weak
polar interactions with their ligands that summed together
create a favorable, specific interaction. Such large active
sites, in the absence of substrates, bind water and a ligand
must displace the solvent and make a compensating
hydrogen bond, which may not be any more favorable. To
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date, small molecule RTA inhibitors have only modest ICsg
values, often in the millimolar range. Further affinity must
be engineered into candidates, for example by derivatizing
a ligand-like PTA (Fig. 1a) to reach into the second pocket,
thereby making additional favorable interactions. Of course
a large drug-like ligand interacting over a large area will
pay a high entropic cost upon binding. Our virtual screen
used small ligands, generally less than 500 MW, in keeping
with drug design rules (Lipinski et al, 2001). Such
compounds would be expected to bind weakly to this
target.

5. Conclusion

Computer-based virtual screening identified a number
of compounds as potential ligand/inhibitors of ricin A
chain. 306 top compounds were assayed and 6 were
inhibitors. Two of these were able to protect Vero cells from
ricin intoxication. The identification of these new plat-
forms, with ICsg values similar to those of substrate-based
ligands, is quite encouraging and provides new avenues for
the design of ricin antidotes.
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